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Few risk factors have been identified for adult-onset sporadic (nonfamilial) hematologic malignancies, which include non-Hodgkin lymphoma (NHL), Hodgkin lymphoma, multiple myeloma, and leukemia. Although most epidemiologic studies have evaluated risk factors that occur in adulthood or otherwise in close temporality to diagnosis, few have explored the potential effects of prenatal factors such as parents' ages at the individual's birth. Parental age may affect disease risk through accumulation of mutations in germ cells or modification of hormone levels, which change the intrauterine environment of the fetus.
The role of parental age in the development of sporadic hematologic malignancies such as NHL and multiple myeloma, particularly those diagnosed in adulthood, has received little attention. To our knowledge, only one previous study of common cancers affecting offspring at ages 15-53 years reported that advanced maternal age increased risk of sporadic leukemia, but not lymphoma (1) . Given the paucity of information on this topic, we used data from the California Teachers Study, a large prospective cohort of women, to examine the association between parental age at birth and risk of adult-onset hematologic malignancies including lymphoma, leukemia, and myeloma.
MATERIALS AND METHODS

Study population
A detailed description of the California Teachers Study has been published elsewhere (2) . Briefly, this prospective study comprises 133,479 female public school professionals who, in 1995-1996, completed a self-administered baseline questionnaire that collected information on demographic factors, menstrual and reproductive factors, personal and family cancer and health history, and lifestyle factors. Research on human participants in this study was approved by the institutional review board at each participating institution.
For this analytical cohort, we excluded, in sequence, women who at baseline were not California residents (n ¼ 8,867), had limited their participation to breast cancer research (n ¼ 18), had a prior history of a hematologic malignancy (n ¼ 536) or an unknown cancer history (n ¼ 663), were 85 years of age or older (n ¼ 2,179), were adopted (n ¼ 1,824), and were missing information on maternal or/and paternal age at birth (n ¼ 2,868). Older women, nonHispanic white women, and women with missing information on number of siblings were more likely to report unknown paternal or/and maternal age at birth. There was no difference in distributions of other baseline characteristics between women with and without parental age information. To minimize the misclassification of sporadic hematologic malignancy, women with a self-reported firstdegree family history (in a parent, sibling, or child) of hematologic malignancy (n ¼ 5,525) were further excluded. Our final analytic cohort included 110,999 women.
Follow-up ended at the earliest of the following event dates: diagnosis of a hematologic malignancy; move outside of California (thereby ending surveillance by the California Cancer Registry); death; or December 31, 2007 . The status of California residence was monitored through annual mailing of a newsletter or questionnaire, annual linkage with the US Postal Service national change-of-address database, and change-of-address postcards submitted by participants. Information on dates and causes of death was obtained from the California State mortality files, the Social Security Administration death master files, and the National Death Index.
Case ascertainment
Incident diagnoses of hematologic malignancies in the cohort were identified through annual linkages with the population-based California Cancer Registry between 1995 and 2007. Using the histology codes provided by the California Cancer Registry, we grouped the hematologic malignancies into categories defined by the World Health Organization classification for hematopoietic malignancies (3) ( Table 1) .
Exposure assessment
Each participant reported the age in years of her biologic mother and biologic father when she was born (<20, 20-24, 25-29, 30-34, 35-39, 40-44, or 45) . We assigned all California Teachers Study participants a socioeconomic status or socioeconomic status score based on 1990 census block groups in California, which equally weighted education, occupation, and income quartile rankings (4). Socioeconomic status summary scores were assigned according to a participant's residential address at baseline. For this analysis, we categorized socioeconomic status scores into quartiles based on the socioeconomic status distribution across California residents in 1990.
Statistical analyses
Multivariable Cox proportional hazards regression models were fit to data to compute hazard rate ratios with 95% confidence intervals as estimates of relative risk. Age in days at cohort entry and age in days at the end of the individual's follow-up defined the time scale; models were stratified by age in years at cohort entry (continuous variable). Models included adjustment for race (non-Hispanic white or other) and birth order (first, second, third, fourth, fifth or greater, or unknown). Additional adjustment for area-level socioeconomic status, height, body mass index, number of full-term pregnancies, diabetes, and smoking status at cohort entry, as well as alcohol consumption 1 year before cohort entry, had little influence on relative risk estimates; therefore, these variables were not included in final models.
We evaluated the effects of parental age on risk of all hematologic malignancies combined and risk of those types with more than 80 incident cases: overall NHL, acute myeloid leukemia, and multiple myeloma. Within NHL diagnoses, we also evaluated the 3 most common subtypes separately: diffuse large B-cell lymphoma, follicular lymphoma, and chronic lymphocytic leukemia/small lymphocytic lymphoma.
In addition to adjusting for a participant's birth order, we further attempted to remove potential effects of birth order on NHL risk by conducting restricted analyses among women who had no siblings. Tests for a dose response were performed by fitting ordinal variables as continuous terms in the regression models. The assumption of proportionality of hazards was assessed for each final model by testing the null hypothesis of no correlation between the scaled Schoenfeld residuals and the amount of time participating in the study. We did not observe any violation of the proportional hazards assumption for parental age variables. In this paper, 2-sided P values are reported for tests for trend, with P < 0.05 considered statistically significant.
RESULTS
The mean age of participants at cohort entry was 52.5 years. After an average of 11.0 years of follow-up, 819 women were diagnosed with a hematologic malignancy. Their mean age at diagnosis was 69.5 years (range, 33-95). Maternal age was generally lower than paternal age, with 25.5% of women reporting that their father's age at their birth was 35 years or older (Table 2 ) compared with 13.0% of women reporting that their mother's age at their birth was 35 years or older (data not shown). Women whose mothers or fathers were older at their birth were more likely to be older at cohort entry and to have older siblings than those with at least one younger parent. Women whose father's age or mother's age was younger than 25 years were more likely to have a lower area-level socioeconomic status, to have a higher body mass index (weight (kg)/height (m)
2 ) at cohort entry, and not to be non-Hispanic white ( Table 2 ).
The effect of parental age on the risk of hematologic malignancies was largely due to its effect on NHL. NHL risk increased monotonically with increasing paternal age, irrespective of adjustment for maternal age; the risk was 59% greater for participants whose fathers were 40 years of age or older than among those whose fathers were less than 25 years of age at their births (relative risk (RR) ¼ 1.59, 95% confidence interval (CI): 1.03, 2.44) ( Table 3 ). By contrast, the increased risk for participants whose mothers' age was over 40 years at their births became null when paternal age at birth was included in the model (Table 3) . By NHL subtypes, elevated risks of follicular lymphoma (RR ¼ 2.49, 95% CI: 1.11, 5.61; P-trend ¼ 0. 10) and chronic lymphocytic leukemia/small lymphocytic lymphoma (RR ¼ 2.61, 95% CI: 1.02, 6.68; P-trend ¼ 0.08) were observed for women whose fathers were older at their births when compared with women whose fathers were less than age 25 years.
In analyses restricted to women without siblings (55 NHL cases), the risk of NHL adjusted for maternal age at birth increased as paternal age increased (P-trend ¼ 0.002). Compared with women whose fathers were less than 25 years of age at their births, those whose fathers were 40 years of age or older had more than a 3-fold greater NHL risk (RR ¼ 3.84, 95% CI: 1.21, 12.14). No association was observed for maternal age (P-trend ¼ 0.32).
Paternal age at a woman's birth was not associated with multiple myeloma risk, whereas advanced maternal age (40 years) at a woman's birth was associated with a 3-fold greater risk of multiple myeloma after adjustment for paternal age (RR ¼ 3.44, 95% CI: 1.18, 10.00). However, no dose-response association was observed between maternal age and risk of multiple myeloma (P-trend ¼ 0.20).
No consistent associations with parental age at a woman's birth were observed for acute myeloid leukemia. Abbreviations: CI, confidence interval; CLL/SLL, chronic lymphocytic leukemia/small lymphocytic lymphoma; RR, relative risk. a All models were adjusted for race and birth order and were stratified by age in years at cohort entry. 
DISCUSSION
Although risk of several types of childhood cancers has been linked to parental age at an offspring's birth (5-7), studies on the role of parental age at birth in the development of nonfamilial adult cancers have been predominantly limited to breast and prostate cancers (8) (9) (10) . For breast cancer, both older maternal (9, 10) and paternal (8, 9) ages have been associated with increased risk for female offspring. However, only older paternal age was associated with increased prostate cancer risk for male offspring (11) . Our study revealed a moderate, independent association of advanced paternal age, but not maternal age, with increased risk of sporadic NHL for women.
Advanced paternal age at conception appears to be associated with a wide range of effects on the health and development of the offspring, including germ cell mutations resulting from the continuous replication of stem cells in male spermatogenesis (12) . Specifically, spermatogonia undergo 30 divisions before puberty and thereafter continue at approximately 23 divisions per year throughout most of a male's life; oocytes undergo only 24 divisions in a female's life, with the last cell division occurring between puberty and fertilization (13) . A previous study of human sperm by Singh et al. (14) found a gradual increase in DNA damage in human sperm (and decreased apoptosis) with increasing age, including a distinct change at age 35 years. Recent studies have shown that de novo point mutations are associated with older paternal age (15) and several rare autosomal dominant disorders (16) (17) (18) . There is also increasing evidence linking advanced paternal age with moderately increased risks of common complex disorders (16) . Nonetheless, experimental data on advancing paternal age and mutations in these diseases, including hematologic malignancies, are limited, in part because of the low incidence rates in the population and the decades-long interval from birth to disease onset. Aberrant epigenetic regulation is another possible mechanism linking advancing paternal age with risk of sporadic hematologic malignancies; the frequency of epigenetic errors appears to increase with age (19) . A specific epigenetic process of genomic imprinting has been linked to development of cancer, such as lung cancer, colorectal cancer, and acute myeloblastic leukemia (20, 21) . Mechanistically, an imprinting error may contribute to tumor formation by silencing tumor-suppressing genes or by activating growth-stimulating genes, since the inactivation of only one suppressor allele is necessary to increase cancer susceptibility (22) .
Paternal but not maternal age at birth has been positively linked to offspring leukocyte telomere length (23) (24) (25) (26) . Studies have also shown that telomere length increases in human sperm cells with increasing age of the donor (27) . On the basis of these observations, our results would suggest that long telomere length in individuals with older fathers (e.g., aged 35 years) may place these individuals at higher risk of hematologic malignancies through a telomere/ telomerase-related pathway (e.g., a genetic and epigenetic process) (28) . This hypothesis is supported by a recent prospective study in which longer telomere length predicted increased NHL risk (29) .
Our hypothesis is also supported by observations in 2 independent TERT (the gene that encodes the catalytic subunit of the telomerase holoenzyme) transgenic mouse models (30, 31) . These studies showed that increased telomerase activity was associated with increased susceptibility to tumor formation. Interestingly, in spite of their increased mortality from cancer, these transgenic mice showed evidence of improved tissue regeneration as well as a slight increase in maximum life span (32) . This observation is in accordance with what had been observed in humans: that long telomere length is positively associated with longevity (26) and decreased susceptibility to several age-related conditions such as insulin resistance (33, 34) and heart disease (35) (36) (37) . Such seemingly contradictory attributes suggest a trade-off phenomenon between competing diseases such as cancer and other age-related diseases (38) .
In addition to the several possible mechanisms discussed above, other factors that might play a role in increased NHL risk due to advanced paternal age include hormonal influences and decreased effectiveness of antioxidants, which could result in increased chromosomal abnormalities in spermatocytes (39) . It is thought that individuals of high socioeconomic status tend to have children at older ages and provide their children a better childhood social environment. If the increased risk of hematologic malignancies were attributable to this factor, however, we might expect to find increased risk associated with both advanced paternal age and advanced maternal age. Furthermore, in the restricted analyses among women who had no siblings, although sample size was limited, we observed a pronounced and statistically significant dose response for increased NHL risk with increasing paternal age. Nevertheless, paternal age may be a surrogate for some unmeasured confounders that confer risk of NHL.
Our study is the first known to explore the specific effect of parental age on the risk of sporadic adult-onset hematologic malignancies. Major study strengths include the prospective design, comprehensive follow-up for incident cancer diagnoses, the ability to exclude women with a family history of hematologic malignancies, and assessment of a broad range of potential confounders. Study limitations include the limited numbers of cases within NHL and leukemia subtypes for evaluation and the potential for error in participants' reports of parental age at birth. However, selfreports of parental age have been found to be highly reliable (10) . Furthermore, given our cohort design, any such measurement error would be expected to be nondifferential with regard to risk of hematologic malignancies and attenuate any true underlying associations. Finally, 86% of cohort members were non-Hispanic white and all were women, limiting generalizability to NHL risk for other races and for men.
In conclusion, the results from this large female cohort suggest that advanced paternal age at birth may be a risk factor for NHL. Potential molecular mechanisms to explain these results, which require replication in other studies, are de novo gene mutation, aberrant paternal gene imprinting, or telomere/telomerase biology.
